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ABSTRACT 

We present a result of searching for galaxy clusters that show an indication 
of global rotation using a spectroscopic sample of galaxies in SDSS and 2dF- 
^ _ GRS. We have determined the member galaxies of 899 Abell clusters covered in 

I SDSS and 2dFGRS using the redshift and the positional data of galaxies, and 

^ I have estimated the ratio of the cluster rotation amplitude to the cluster velocity 

CN I dispersion and the velocity gradient across the cluster. We have found 12 tenta- 

I tive rotating clusters that have large ratios of rotation amplitude to dispersion 

O ■ and large velocity gradients. We have determined the morphological parameters 



X 



for 12 tentative rotating clusters using the positional information of the member 
galaxies: the ellipticity of the dispersion ellipse is in the range of 0.08—0.57, and 



O 

in ' the position angle of major or minor axis does not appear to be related to the 



O ■ 

^ I position angle of rotation axis. We have investigated the substructures in the 

sample of tentative rotating clusters, finding from the Dressler-Shectman plots 
that the majority (9 out of 12) of clusters show an evidence of substructure due 



\-i I to the spatially correlated velocities of galaxies. We have selected six probable 

^ rotating clusters (Abell 0954, Abell 1139, Abell 1399, Abell 2162, Abell 2169, 

and Abell 2366) that show a single number density peak around the cluster cen- 
ter with a spatial segregation of the high and low velocity galaxies. We have 
found no strong evidences of a recent merging for the probable rotating clusters: 
the probable rotating clusters do not deviate significantly from the relation of 
the X-ray luminosity and the velocity dispersion or the virial mass of the clus- 
ters, and two probable rotating clusters (A0954 and A1399) have small values 
of the peculiar velocities and the clustercentric distances of the brightest cluster 
galaxies. 



Subject headings: galaxies: clusters: general - galaxies: kinematics and dynamics 
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Introduction 



Global rotat i on of galaxy clusters has been suggested for several galaxy clusters (e.g. 



Materne fc Hopplll983l : lOegerle fc Hilllll992l : iDupke fc Bregmanll2001aJ ). but there are still 
no conclusive evidences of cluster rotation. There are two kinds of objects to consider with 
regard to the rotation of galaxy clusters: intracluster medium (ICM) and the galaxies. 

For ICM, recent studies have searched for the bu lk motion or the velocity gr adient of 
ICM in several clusters using ASCA and Chandra data.. iDupke fc BregmanI (j2001a| ]bl) directly 
detected, for the first time, ICM bulk motions in the outer regions of th e Centaurus (Abell 
3526) and the Perseus (Abell 426) clusters using ASCA data. Later, iDupke fc Bregman 
fl2005l ) identified two more clusters (Abell 576 and RX J0419. 5+0225) that have the most 
significant velocity gradients among 12 clusters for which veloc ity mapping could b e per- 
formed with useful precision in the ASCA archive. Recently, iDupke fc BregmanI (120061 ) 
measured the velocity difference of (2.4±1.0)xl0^ km s~^ for the regions opposed around 
the center of ICM in the Centaurus cluster using Chandra data. If this velocity difference is 
due to the gas circulation around the cluster center, then the corresponding circular velocity 
will be as large as (1.2±0.7)xl0^ km s"^. 

For the galaxies in clusters , the global velocity gradient suggestive of cluster rotation has 



been detected in sorne clus ters ( Materne fc HopJ 



19831 



Biviano et al.lll996l : lden Hartog fc Katgert 



19961 : iBurgett et al1l2004l ). Iden Hartog fc KatgertI Jl996l ) found that 13 clusters show sig- 
nificant veloci t y gra dients in the range of 240—1230 km s~^ Mpc~^ among 72 clusters. 



Burgett et all (j200J) reported that three clusters (Abell 1139, Abell 1663, and Abell S333) 
exhibit velocity-position characteristics consistent with the presence of possible cluster rota- 
tion, shear, or infall dynamics. Up to now, there is only one galaxy clus t er of which global 
rotation of galaxies was studied in detail: Abell 2107. lOegerle fc Hill! (119921 ) found from 
the analysis of 75 member galaxies that Abell 2107 appears to be a regular cluster (single 
peaked galaxy distribution, regular X-ray morphology, and Gaussian velocity histogram), 
but has spatially correlated velocities of galaxies (high and low velocity galaxies are segre- 
gated spatially). They concluded that the spatial distribution of galax y velocity is consistent 
with a rotation of a single cluster at 98 % confidence level. Recently, iKalinkov et al.l (120051 ) 
suggested that the virial mass of Abell 2107 determined in their study, should be reduced 
from (3.2±O.6)xlO^''M0 to (2.8±0.5) x IO^'^Mq due to the correction for the cluster rotation. 

Theoretically, a galaxy cluster is expected to acquire angular momentum through an 
off-axis merging or a global rotation of the universe. First, off-axis merging between two 
clusters is expected t o provide angu l ar momentum to the c lusters, resulting in rotating 
clusters ( iRickerl 1 19981 : iTakizawal l2000l : iRicker fc SarazinI 1200 It iPawl et al.l 120051 ) . According 
to off-axis merging models, the global rotation of "collisional" ICM originated by merging 
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survives longer than that of "colhsionless" galaxies in clusters (iRoettiger fc Flored l2000l ). 
Therefore, it is expected that it is more difficult to detect the global rotation of galaxies than 
that of ICM. Secondly, the global rotation of the universe may provide angular momentum 
to the celestial bodies on their formation, resulting in rotating systems (lLilll998l ). Li model 
explai ns the empirical relation between the angular momenta and the masses of galaxies. 
Later, iGodlowski et al.l (120031 ) showed that Li model predicts the presence of a minimum 
(i.e. vanishing angular momentum) in the relation between the angular r nomenta and the 



masses of celestial bodies. Their prediction was observationally tested by IGodlowski et al. 



( 120051 ): vanishing angular momenta for the masses corresponding to the galaxy groups and 
non-vanshing angular momenta for smaller and larger structures (compact groups and rich 
galaxy clusters). However, the non- vanishing angular momenta for galaxy clusters were 
found indirectly based on the study of the galaxy orientation. Therefore, it is needed to 
probe the angular momenta of galaxy clusters directly based on dynamical analysis. 



Recently, galaxy redshift surveys such as the Sloan Di gital Sky Suryey (S DSS jYork et al. 



2000) and the 2dF Galaxy Redshift Survey (2dFGRS, ICoUess et all l200lh have provided 
redshift data for large samples of galaxies. Therefore, by identifying member galaxies in 
clusters using the redshift and the positional data, we can search for the global rotation of 
galaxies in clusters for a large sample of galaxy clusters in these data. 

In this paper, we present a result of searching for galaxy clusters that show an indication 
of global rotation using a spectroscopic sample of galaxies in SDSS and 2dFGRS. Section 2 
describes the galaxy sample and the cluster sample. The algorithm for identifying tentative 
rotating clusters and the results are presented in Section 3. Analysis of the cluster morphol- 
ogy and of the substructure for tentative rotating clusters is given in Section 4. A detailed 
analysis of the individual clusters is presented in Section 5. We discuss the properties of 
the probable rotating clusters in Section 6. A summary of this study is given in the final 
section. Throughout this paper, we adopt cosmological parameters h = 0.7, = 0.7, and 
Qm = 0.3. 



2. Data 



We used the data for the spectroscopic sample of galaxies in the Fifth Data Release of 
SDsdll, and in the Final Data Release of 2dFGRS JColless et allboOll ). 



The SDSS Data Release 5 contains five-band {u, g, r, i, z) photometric data for 215 



^The details of Data Release 5 can be found on the SDSS web site (http://www.sdss.org/dr5/). 
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million objects over 8,000 deg^, and optical spectroscopic data for one million objects of 
galaxies, quasars, and stars over 5,740 deg^. We used the spectroscopic sample of 674,000 
galaxies for this study. The median redshift for the spectroscopic sample of galaxies is 0.11. 
The redshifts were measured from the spectra covering 3800—9200 A with an uncertainty 
of ~30 km s~^. The redshift confidence parameter (zConf) was assigned from to 1 in the 
SDSS catalogs. We used only the galaxies with zConf > 0.65. 

The 2dFGRS contains the spectra for 246,000 galaxies selected in the photographic bj 
band from the APM galaxy catalog. The survey covers over 2,000 deg^ and, the median 
redshift for the sample of galaxies is similar to that of SDSS. The redshift measurements 
were done from the spectra covering 3600—8000 A, and the redshift quality parameter Q 
was assigned in the range of 1—5. The redshift measurements with Q>3 are 98.4 % reliable, 
and have an overall rms uncertainty of ~85 km s~^. We used only the galaxies with Q > 3 
in this study. 

Since some galaxies were covered in both SDSS and 2dFGRS, we matched the galaxies 
found in SDSS with those in 2dFGRS to make a master catalog of galaxies. The mean 
difference of radial velocities between the measurements of SDSS and 2dFGRS for 31,300 
matched galaxies is At>(= fsoss — 'y2dFGRs) ~13 km s~^. We corrected the velocities of 
galaxies in SDSS by the mean difference of radial velocities, and used the average value of 
the velocities measured in SDSS and in 2dFGRS for further analysis. 



We used the Abell catalog of galaxy clusters (lAbell. Corwin fc 01owinlll989l ) to find the 
clusters in the survey data. Among the Abell clusters, we selected the clusters that have 
known spectroscopic redshifts in NASA/IPAC Extragalactic Database (NED). Finally, we 
selected 899 clusters located within the survey regions of SDSS and 2dFGRS as a sample of 
clusters for further analysis. 



3. Identification of rotating cluster candidates 

We applied the following procedure to identify the rotating cluster candidates in SDSS 
and 2dFGRS: 

1. In order to select the member g alaxies in the target clusters, we used "shifting gapper" 



method of iFadda et al.l (119961 ). In the plot of radial velocity versus clustercentric 
distance of galaxies for a given cluster, we selected the galaxies as cluster members 
using a velocity gap of 950 km s~^ and a distance bin of 0.2 Mpc shifting along the 
clustercentric distance from the cluster center. We used a larger bin width if the number 
of galaxies in a bin is less than 15. We applied the method to the galaxies within the 
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radius at which the distance between adjacent galaxies is larger than 0.1 Mpc. We 
iterated the procedure until the number of cluster members becomes stable. Finally, 
we selected 56 galaxy clusters in which the number of member galaxies is greater than 
or equal to 40 for further analysis. 

2. To investigate the global rotational property of galaxy clusters, we fit the observed 
radial velocities Vp of the cluster galaxies with a function of a position angle. 



Vp{Q) = Vsys + Vrot sin(e - Qq) , (1) 

where B is the projected position angle of a galaxy relative to the cluster center (mea- 
sured from North to East), 6o is the projected position angle of the rotation axis of the 
cluster, frot is the rotation amplitude, and Vgys is the systemic velocity of the galaxy 
cluster. 

Similarly, the effect of the global rotation of galaxy clusters can appear as a velocity 
gradient across the cluster. To investigate the global velocity gradient, we fit the 
observed radial velocities of the cluster galaxies with a function of a position in the 
plane of the sky. 



VpiX,Y)=v^y^ + ^X + ^Y, (2) 

where X and Y are clustercentric distances in the direction of right ascension and 
declination, respectively. We fit the observed radial velocities of cluster galaxies using 
equation ([T]) and ([2]) with fixed value of the mean radial velocity of cluster 



galaxies (the biweight location of iBeers et al.lll990l ). 



In Figure [Tj we plot the velocity dispersions (the biweight scale of iBeers et al.l Il990l ) 
of galaxy clusters as a function of |frot| /(^p, the ratio of absolute value of the rota- 
tion amplitude to the velocity dispersion (Left panel), and as a function of dv/dR{= 
a/ {dv/dxy + {dv / dvy) , the global velocity gradient (Right panel). Figure [T] shows 
that there are four clusters (A1035, A1373, A2034, and A4053) of which velocity dis- 
persions are unusually large (> 1300 km s~^), while the majority of clusters are in the 
range of 290 km s^^ < (Xp < 1050 km s~^. Large velocity dispersions of these four 
clusters might be related to the two superimposed or interacting clusters with slightly 
different systemic velocities (to be discussed in Section [5]). 

It is expected that a rotating cluster has a large ratio of the absolute value of rotation 
amplitude to the velocity dispersion, and has a large global velocity gradient across 
the cluster. Therefore, among the selected 56 galaxy clusters, we selected 12 tentative 
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rotating clusters of which the ratios of the absolute value of rotation amplitude to 
the velocity dispersion are greater than 0.53, and the global velocity gradients are 
greater than 380 km s~^ Mpc~^. We chose these critical values of |wrot|/<7p = 0.53 
and dv/dR = 380 km s~^ Mpc~^ because the rotation amplitudes of the clusters above 
these values are significant above ~ 2a level. In addition, the dips are seen at the 
critical values in both Figure [1] (c) and (d), implying that a segregation between the 
rotating and non-rotating clusters might exist, although it is not known whether there 
is a discrete boundary of the rotation amplitude between the rotating and non-rotating 
clusters or not. These selection criteria are represented by dotted vertical lines in Figure 
[H In comparison, we plot the data of Abell 2107 (star symbol) that is known to be a 
probable rotating cluster (jOegerle &: Hilllll992l : iKalinkov et al.ll2005l ). It is found that 
Abell 2107 also satisfies our selection criteria for tentative rotating clusters. 



Table [T] lists the tentative rotating clusters with Abell identification, RA and Dec 
(J2000), Bautz-Morgan (BM) type, the redshift derived in this study, the velocity dispersion 
derived in this study, the number of member galaxies. X-ray luminosity, and the reference 
for the X-ray luminosity. The sample of tentative rotating clusters are found from z = 0.028 
to z = 0.125, and have 41—122 member galaxies. There are seven clusters of which X-ray 
luminosities are estimated, and six clusters of which Bautz-Morgan types are III. 

The rotational properties derived using equation ([1]) and ([2]) are summarized in Table [2j 
The first column gives the Abell identification. The second and the third columns represent, 
respectively, the position angle of rotation axis and the rotation amplitude derived using 
equation ([1]). The ratio of the absolute value of rotation amplitude to the velocity dispersion, 
\vvot \ /o'p, is shown in the fourth column. The fifth column gives the position angle that is 
defined by 0i=tan~^ [{dv / dY) / {dv / dX)] — 7t/2. The final column gives the global velocity 
gradient derived using equation ([2]). The uncertainties of these values represent 68% (la) 
confidence intervals. We compute the uncertainties using 1000 artificial data set constructed 
by choosing randomly cluster galaxies up to the number of cluster members in real data. 
The fitting procedure is done using 1000 trial data sets, the results are sorted, and the 
values corresponding to the 16th and the 84th percentiles are identified. The uncertainties 
are defined as the offsets between these values and the values computed using the real data. 
In Table [21 there are two clusters (A1035 and A1373) that have unusually large rotation 
amplitudes (> 1300 km s"^) and velocity gradients (> 1900 km s~^ Mpc~^) due to the 
superimposed two disparate groups (to be discussed in Section [5]). Other ten clusters show 
rotation amplitudes in the range of 190 km s~^ < Vj-ot < 830 km s and velocity gradients 
in the range of 400 km s"^ Mpc < dv/dR < 1080 km s Mpc 
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Figure [2] shows the plot of radial velocity versus clustercentric distance of galaxies and 
the velocity distribution for 12 tentative rotating clusters. In Figure [3l we show the spatial 
distribution of cluster galaxies with the measured velocities. Most clusters show that the 
galaxies of which velocities are greater than the systemic velocity of the cluster (open circles) 
and the galaxies of which velocities are less than the systemic velocity of the cluster (filled 
circles) are spatially separated well by the rotation axis (Yl or Y2). Interestingly, the 
position angles of the rotation axes, Yl (determined from equation ([1])) and Y2 (determined 
from equation ([2])), coincide well (the difference of position angles between Yl and Y2 is less 
than 20 degree) except for three clusters (SOOOl, A1399, and A2169). 

We plot the radial velocities as a function of a projected distance along the direction 
perpendicular to the position angle (Gq) of the rotation axis (Yl) in Figure H] which is 
available only in electronic issue. The velocity gradients along the XI axis are marginally 
seen in some clusters (A1035, A1373, A1474, and A2162), while those are not clearly seen 
in the other clusters. 



4. Global Cluster Properties 
4.1. Cluster Morphology 



In order to identify the connection between the cluster morphology and the cluster 
dynamics, it is useful to determine the ellipticity and the orientation of a cluster using a 
spatial distribution of the selected member galaxies. To determine the cluster shape, we use 
the method of the dispersion ellipse of the bivariate normal frequency function of p osition 
vectors (e.g. iTrumpler fc WeaveJ Eossl: ICarter fc MetcalfelEoSol : ISurgett et al.ll2004h . The 
dispersion ellipse is defined in Trumpler fc Weaver ( 19531 ) as the contour at which the density 
is 0.61 times the maximum density of a set of points distributed normally with respect to 
two correlated variables, although the points need not be distributed normally in order to 
determine the proper cluster shape. From the first five moments of the spatial distribution. 
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where X and Y are clustercentric distances in the direction of right ascension and dec- 
hnation, respectively. The semi-major and minor axes of the elhpse, and Tb, are derived 
by solving the equation of 

/^2o - 
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. 



The position angle of the major axis measured from north to east is given by 

if f^02 — ri 



(4) 



02 = cot 

and the ellipticity is defined by 
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2 



(5) 



(6) 



The major/minor axis, position angle, and ellipticity for our tentative rotating clusters 
that we derived are listed in Table [31 Interestingly, the ellipticities of SOOOl (e =0.52) and 
A1399 (e =0.57) are unusually larger than those of other clusters. However, the ellipticity 
of SOOOl might be uncertain because no data are available for ~ 30' away to the North from 
the SOOOl center as seen in Figure [31 



4.2. Analysis of Substructure 



The analysis of substructure is a useful diagnostic tool for understanding of the dynam- 
ical state of g a laxy c lusters. A useful discussion for several substructure tests is given in 
Pinkney et al.l (119961 ). We have derived a number density map using the spatial position 
(2D) of member galaxies, and performed ID and 3D substructure tests for the sample of 
tentative rotating clusters. 

The majority of ID (velocity histogram) substructure tests are normality tests. We 
presen t the results of five ID tests for tentative rotating clusters in Table [H The values of 
I test ( ITeague et al.lll990l ) are shown in the first and the second column, /go is the critical 
value for rejecting the Gaussian hypothesis at 90 % confidence level. Therefore, a velocity 
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distribution is considered to be a non-Gaussian if / > /go. It is found that all clusters satisfy 
the Gaussian hypothesis using the I test except for S1171 and A4053. 

The skewness that is a measure of the degree of asymmetry of a distribution, and 
its confidence level of rejecting normality are given in the third and the fourth columns. 
Positive (Negative) skewness indicates that the distribution is skewed to the right (left), 
with a longer tail to the right (left) of the distribution maximum. The kurtosis that is the 
degree of peakedness of a distribution and its confidence level of rejecting normality are given 
in the fifth and the sixth columns. Positive values of the kurtosis indicate pointed or peaked 
distributions, while negative values flattened or non-peaked distributions. The skewness test 
rejects a Gaussian distribution with a confidence level of > 99% for only S1171 and A4053, 
being consistent with the result of I test. The kurtosis test rejects a Gaussian hypothesis of 
A1035, A1373, A1474, and A2162 with a confidence level of > 95%. 

From the seventh to the te nth column, we pres ent the Asymmetry Index (AI) and the 



Tail Index (TI) introduced by iBird fc Beerd (119931 ) with their confidence levels. The AI 



measures the symmetry in a population by comparing gaps in the data on the left and right 
sides of the sample median, and TI compares the spread of the data at 90 % level to the 
spread at the 75 % level. The Gaussian hypothesis for A1035 and A1474 are rejected by 
both AI and TI tests with a confidence level of > 95%. 

We have constructed the number density contours for the clusters using a different bin 
size of 0.25R x 0.25R (Mpc)^ depending on the cluster size {R = 4Vr7r^/1.5). and 
F^ are used in the unit of Mpc, 4 is an arbitrary constant, and 1.5 (Mpc) is normalizing 
constant. We have smoothed the contours using a cubic convolution interpolation method. 
The contour interval, (the maximum density in a cluster) /6, is also determined according to 
the maximum number density of the clusters. We plot the number density map in the first 
and the third columns in Figure O 

Using the velocity data and positional information of galaxies, we have performed A test 



(jPressler &: Shectmanlll988l ) that computes the local deviations from the systemic velocity 



(fsys) and dispersion (cTp) of the entire cluster. For each galaxy, the deviation is defined by 



^2 ^ [(^j^^^j _ y^yj2 _^ ^^^^^^^ _ ^^^)2j ^ ^^^^ 

where A^„„ is the number of galaxies that defines the local environment, taken to be 
~ \jNgai in this study. The sum of 5 over all cluster galaxies in a cluster. A, is used to 
quantify the presence of substructures. It is approximately equal to the total number of 
galaxies in a cluster in the case of no substructure, while it is larger in the presence of 



- 10 - 



substructure. 

The statistical significance of tlie deviation is computed by Monte Carlo simulation. 
The velocities are randomly assigned to the galaxies at the observed galaxy positions, and 
Asim is computed for each simulated cluster. We construct 1000 simulated clusters and 
compute Asim for each simulation. We present Aobs which is computed using real data and 
the fraction of simulated clusters with Agim > Aobs in the final two columns of Table |H Small 
values of /(Agim > Aobs) indicate the statistically significant substructure in clusters. Most 
clusters have small values of /(Agim > Aobs), indicating significant substructures or spatially 
correlated velocities of galaxies except for S1171, A2162, and A2366. 

We plot the positions of cluster galaxies represented by open circles of which radii are 
proportional to in the second and the fourth columns of Figure O A large circle denotes 
a galaxy which is deviant in either velocity or dispersion compared with nearby galaxies, 
therefore groups of large circles indicate the presence of substructure. No substructures of 
S1171, A2162, and A2366 were found in /(Asim > Aobs) test, as confirmed in Figure [51 

5. Detailed analysis of individual clusters 

A single cluster in rotation is expected to show a spatial segregation of high and low 
velocity galaxies, and to have a single number density peak unlike the case two clusters are 
still in the middle of merging. Therefore, in the sample of tentative rotating clusters, we 
select as probable rotating clusters the galaxy clusters that show a spatial segregation of 
high and low velocity galaxies in the spatial-density map of Figure [31 and show a single peak 
in the number density map of Figure [3 We describe the selection procedure of the probable 
rotating cluster for an individual cluster in this section. 

5.1. Abell S1171 

Abell S1177 is the nearest {z ~ 0.028) cluster in the sample of tentative rotating clusters. 
In the plot of velocity versus clustercentric distance of member galaxies (Figure [21), it is seen 
that some galaxies have large velocity deviations {cz — cz ~1400 km s~^) from the cluster 
main body (cz ~8400 km s~^). If we consider only the galaxies in the cluster main body 
rejecting these galaxies {cz >9500 km s~^) as interlopers (in order to test the effect of this 
sub- component), we obtain \vrot\/o'p=0. 33 and dv/dR=299 km s~^ Mpc"^. Then this cluster 
is not included in the the sample of tentative rotating clusters. 
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5.2. Abell SOOOl 

Abell SOOOl shows a low velocity tail {cz ~7800 km s~^) in the velocity histogram of 
Figure [2l These galaxies in the low velocity tail are spatially concentrated, appear as a 
substructure (to the North-East) in Figure [51 The number density map shows two local 
density maxima which coinside with the positions of substructures. Therefore, the large 
amplitudes of rotation and velocity gradient are considered to be caused by two separated 
subclusterings. This cluster shows a large ellipticity, and that the position angle of rotation 
axis (Yl) shown in Figure [3] is similar to that of cluster minor axis (Fb). However, the 
determination of cluster morphology is uncertain, since no data are available for ~ 30' away 
to the North from the cluster center (see Figure [3]) • 



5.3. Abell 0954 

Abell 0954 is surveyed in both SDSS and 2dFGRS, and is one of the most X-ray luminous 
clusters in the sample of tentative rotating clusters. In Figure [3l the position angles of 
rotation axes determined by the rotation fit (Yl) and the global velocity gradient fit (Y2) 
coincide well, but those position angles appear not to be correlated with the position angle 
of major or minor axis of the dispersion ellipse. The results of ID substructure tests in 
Table H] show that the velocity distribution does not deviate from Gaussian significantly. 
The number density map and Dressler-Shectman (DS) plot in Figure [5] show a weak sign of 
subclustering ~ 14' away to the South-East, and it is suspected that this subclustering might 
cause the large amphtude of rotation. In order to test the effect of the SE subclustering, we 
fit the velocities of member galaxies that are located within 10' from the cluster center using 
equation ([1]) and ([2]). The fitting results in |t>rot|/crp=0.54 and dv / dR=94:8 km s~^ Mpc~^ 
with the same position angles of rotation the results based on all member galaxies. 

This implies that the rotation and the velocity gradient are generated in the core region with 
a single density peak. Therefore we select this cluster as a probable rotating cluster. 



5.4. Abell 1035 



Abell 1035 has the largest X-ray luminosity and t he vel ocity dispersion in the sample 
of tentative rotating clusters. While iFlin fc Krywultl (120061 ) found n o substructure using 



only p ositional information of galaxies by applying wavelet analysis, iMaurogordato et al. 



(119971 ) found a bimodal velocity distribution for this cluster using the velocity data of 19 
member galaxies, as confirmed in Figure [2] based on 97 member galaxies in this study. Our 
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result in Figure [2] implies that substructures may exist. In Figure [3l the galaxies of which 
velocities are greater than the systemic velocity of the cluster (open circles) and the galaxies 
of which velocities are less than the systemic velocity of the cluster (filled circles) are spatially 
separated clearly by the rotation axis (Yl and Y2). In addition, the DS plot in Figure O 
shows two subclusterings (North and South) that coinside with high density regions in the 
galaxy number density map. Therefore, the large amplitudes of the rotation and the velocity 
gradient including the large velocity dispersion (listed in Tabled]), can be explained by two 
superimposed or interacting clusters with slightly different systemic velocities. 



Aryal fc Saurerl (120061 ) found that the spin-vector orientations of the galaxies in this 



cluster tend to lie parallel to the Local Supercluster (LSC) plane, and the spin-vector pro- 
jections of the galaxies tend to be oriented perpendicular with respect to the direction of 
the LSC center. In this study, we found that the angle between the rotation axis (Yl) of 
this cluster and the LSC plane is 56^g^ deg. Since the angle between the spin-vector ori- 
entations of the galax ies in this cluster and the LSC plane was found to be < 45 deg in 
Aryal fc Sauren (120061). i t appe ars that the spin-vector orientations of the galaxies deter- 
mined in lAryal &: Saurerl ([20061) is not related to the rotation axis of this cluster determined 
in this study. 



5.5. Abell 1139 



Abell 1139 is surveyed in both SDSS and 2dFGRS, and has the largest number of 
member galax i es in our sample. A global velocity gradient for this cluster is identified by 
Burgett et al.l (120041 ) using 2dFGRS data with 106 member galaxies. We confirm the global 
velocity gradient or the rotation using 122 member galaxies with an aid of SDSS data (see 
FigrueH]). The DS plot in Figure [5] shows a presence of strong substructures to the North- 
West and to the South-East, while the velocity histogram shows a unimodal distribution. 
It is known that positional information of galaxies only shows no clear substructure for this 



cluster (e.g. iKrywult et al.lll999l : iFlin &: Krvwultl [20061 ). but a disting uishable substructur e 



is found based on both positional information and velocity data (e.g. iBurgett et al.l 120041 ). 
As seen in the spatial- velocity plot in Figure |3l the substructures are due to the galaxies with 
different radial velocities. Interestingly, unlike Abell 1035, the galaxy number density map 
shows a single density peak near the cluster center rather than strong concentrations around 
two substructures. This may indicate a single cluster in ro tation or two overlap ping clusters 
that either merge or depart from each other as pointed in lBurgett et al.l (120041 ). Therefore, 
we select this cluster as a probable rotating cluster. 
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5.6. Abell 1373 

Abell 1373 is the most distant cluster {z ~ 0.125) in our sample of tentative rotating 
clusters, and is surveyed in both SDSS and 2dFGRS. The velocity distribution is bimodal, 
and the galaxies with high velocities {cz ~39000 km s^^) and the galaxies with low velocities 
{cz ~36000 km s~^) are spatially separated by the rotation axis (see Figure [3]). Similar to the 
case of Abell 1035, the substructures introduced by the clustering of galaxies with different 
velocities coincide with the galaxy number density peaks, implying that the large amplitudes 
of rotation and velocity gradient are introduced by two disparate groups (see Figure [5]). 



5.7. Abell 1399 



Abell 1399 is one of the member clusters in the Leo A Supercluster (lEinasto et al.ll200ll ). 
This cluster has the smallest velocity dispersion in our sample of tentative rotating clusters, 
and is surveyed in both SDSS and 2dFGRS. The velocity distribution is unimodal, but 
the spatial- velocity plot of Figure [3] shows a segregation of galaxies with different velocities. 
Intriguingly, the dispersion ellipse is significantly flatted with the ellipticity of 0.57. Since the 
position angles (138 deg for the major axis and 48 deg for the minor axis) of the dispersion 
ellipse deviate from those (207 deg for Yl and 186 deg for Y2) of the rotation axes, it appears 
that the high ellipticity is not related to the global rotation of this cluster. Figure [5] shows 
that there is no strong sign of the correlation between the number density peaks and the 
substructures. Therefore, we select this cluster as a probable rotating cluster. 



5.8. Abell 1474 



A bell 1474 is one of the m ember clusters in the Virgo-Coma Supercluster (lEinasto et al. 



2001 ). Flin &: Krywult (j2006 ) found no substructure using only positional information of 
galaxies, but the ID substructure tests indicate that the velocity distribution deviates from 
the Gaussian significantly. In Figure the DS plot shows that there are three substructures 
(to the North-East, to the South- West, and to the South-East) that coincide with three 
number density peaks in the left panel. It indicates that the large amplitudes of rotation 
and velocity gradient are due to the different velocities of sub-groups. 
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5.9. Abell 2162 



Abell 2162 is one of the nearest clust ers in our sample, and is a member cluster in the 
Hercules Supercluster ( lEinasto et al.ll200ll ). Neither a distinct substructure nor a significant 
local density peak is found except for the cluster center in Figure [51 Interestingly, it appears 
that the radial distribution of the member galaxies in Figure |2] is discontinuous at ~ 18'. 
Therefore, if we compute the rotation amplitude and the global velocity gradient using only 
the galaxies at the inner region (< 18'), we obtain \vrot\/o'p=0.6A and dv/dR=Q35 km s~^ 
Mpc~^, still satisfying the criteria for the rotating clusters. Therefore, we select this cluster 
ClS db probable rotating cluster. 



5.10. Abell 2169 

In Figure [Sj the galaxies of which velocities are greater than the systemic velocity of 
Abell 2169 (open circles) and the galaxies of which velocities are less than the systemic 
velocity (filled circles), are separated well by the rotation axis (Yl). The position angle (342 
deg) of rotation axis (Yl) is similar to that (328 deg) of the minor axis of the dispersion 
ellipse, implying that the fiatness may be caused by the cluster rotation. The substructures 
(North-East and South-West) seen in the DS plot, are separated by the cluster centroid 
that coincides with the single number density peak. Therefore, this cluster is selected as a 
probable rotating cluster. 



5.11. Abell 2366 



Jones Sz FormanI (119991 ) classified the morphology of Abell 2366 using Einstein X-ray 
images as a "single" , means a cluster in which no substructures or no departures from 



symmetry are found. iFlin fc Krywultl (120061 ) also found no substructure using only positional 
information of galaxies by applying wavelet analysis. Similarly, the galaxy number density 
map and the DS plot in Figure O indicate no strong evidence of substructures. Therefore, 
we select this cluster probable rotating cluster. 



5.12. Abell 4053 



^Abell 4053 is one of the member clusters in the Pisces-Cetus Supercluster (IPorter fc Ravchaudhury 

20051 ) . and is known to be contaminated by a foreground group at z = 0.0501 (IMazure et al. 
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19961 ). The galaxies in the foreground group {cz ~15000 km s~^) are seen in Figure [2l and 
are rejected from determining the membership of Abell 4053. However, the galaxies at the 
low velocity tail [cz ~17500 km s~^) are selected as members of Abell 4053. These galaxies 
are found in the South- West region from the cluster centroid (see Figure [3]), and are detected 
as a subcluster in the DS plot. In order to estimate the effect of these galaxies in the low 
velocity tail, we determine the amplitudes of the rotation and the velocity gradient using 
only the galaxies in the main body {cz >18000 km s~^). The fitting results in \vrot\/c!'p=0.4:7 
and dv/dR=716 km s~^ Mpc~^, which does not satisfy the criteria for the tentative rotating 
cluster. Therefore, this cluster is not selected as a probable rotating cluster. 

We summarize the global kinematic properties for 12 tentative rotating clusters in Table 
13 The column (1) gives the Abell identification. The column (2), (3) and (4) represent the 
existence of substructure resulted from ID, 2D and 3D tests, respectively. The cluster 
morphology determined in Section H?T] is given in the column (5): 'Spherical' for ellipticity 
< 0.2 and 'Elongated' for ellipticity > 0.2. The dynamical status determined in Section [6] is 
given in the column (6) and the selection of probable rotating clusters is in the final column 
(7). 



6. Discussion 



6.1. Dynamical status of probable rotating clusters 



The study of dynamical state of the propable rotating clusters is useful for understand- 
ing the origin of the global rotation across the cluster. It is expected from self-similar 
models that a relationship betwe en the X-ray luminosity an d the velocity dispersion of the 



Hilton et al. 



clusters exists as oc (e.g. iQuintana fc Melnickl Il982l ). For galaxy clusters in SDSS 



Popesso et al.l (120051) found the relation of oc cTp^^='=°-^^. For galaxy clusters in 2dFGRS, 

oc and suggested that high-Lx clusters 



"J2005h found the relation of 
are more dynamically evolved systems than the low-Lx clusters. In Figure O we plot the 
X-ray luminosity as a function of the velocity dispersion and the virial mass for the probable 
rotating clusters (filled circles) of which X-ray luminosities are available in the literature in 
comparison with the non-rotating galaxy clusters (open circles) of which X-ray luminosities 
are available in the literature among the selected 56 galaxy clusters. We plot the X-ray lu- 
minosities from the several literature separately. It appears that most galaxy clusters shown 
in Figure [6] follow — Cp and — M^r relations (solid lines) determined in this study. 
Moreover, several interesting features are seen in the probable rotating clusters. First, the 
probable rotating clusters do not deviate from the best-fit line, implying that those clusters 
are in dynamical equilibrium. Secondly, the velocity dispersions and the virial masses for the 
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probable rotating clusters appear to be smaller than those for the non-rotating clusters. In 
addition, the X-ray luminosities for the probable rotating clusters also appear to be sm aller 



than those for the non-rotating clusters. If we adopt the result of iHilton et al.l (120051 ) . the 
probable rotating clusters that have low X-ray luminosities might have a lower fraction of 
early-type, passively evolving galaxies than the galaxy clusters with high X-ray luminosities. 

If galaxy clusters rotate, the velocity dispersi ons and the correspon ding virial masses 



should be corrected for the cluster rotation (e.g. iKalinkov et al.ll2005l ). We derived the 
velocity dispersions about the best fit rotation curve of equation ([T]) and the corresponding 
corrected virial masses for the probable rotating clusters. The results are summarized in Ta- 
ble |6l The first and the second columns represent, respectively, the velocity dispersion about 
the mean velocity of the cluster and that about the best fit rotation curve of equation ([T]). 
The third and the fourth columns represent, respectively, the virial mass using the rotation 
uncorrected (the first column) velocity dispersion and that using the rotation corrected (the 
second column) velocity dispersion. The velocity dispersions are reduced by 6—14%, and 
on the average are reduced by 11%. The corresponding virial masses are also reduced by 
11—27%, and on the average are reduced by 21%. 

The dynamics of the brightest cluster galaxies (BCGs) or cD galaxies in galaxy clusters 



are a lso useful for understanding the formation history of galaxy clusters (e.g. lOegerle fc Hill 



200ll ). In particular, a peculiar velocity of BCGs, which is defined by Vp = vbcg — Vd, where 



vbcg is a radial velocity of BCGs and Vd is a r nean velocity of the cluster, is a useful 



indicator of the dynamical state for the cluster (lOegerle &: Hill! l200ll ). To estimate the 
peculiar velocities of BCGs in clusters, we first identified the BCGs that have the smallest bj 
magnitudes in the catalog of member galaxies for the selected 56 galaxy clusters. Then we 
conducted a visual inspection of cluster images whether there are any brighter galaxies than 
the selected BCGs using the catalog of member galaxies. Since some brightest galaxies in 
galaxy clusters were not covered due to the observational difficulties such as a fiber collision 
and a saturation, we finally selected 20 galaxy clusters of which BCGs in the catalog agree 
with those in the images. Using the sample of selected 20 galaxy clusters, we plot the absolute 
value of the peculiar velocity of BCGs as a function of the clustercentric distance, the redshift 
of clusters as a function of the absolute magnitude of BCGs in bj band, and the velocity 
dispersion of clusters as a function of the absolute value of the peculiar velocity of BCGs. It 
is seen that the absolute values of peculiar velocities of the BCGs are in the range of 10—780 
km s~^, and the median value of peculiar velocities is 257 km s^^. The mean uncertainty 
for the values of peculiar velocities is 168 km s~^. In addition, the clustercentric distances 
of BCGs are in the rage of 0—300 kpc, and the median value of clustercentric distances is 
82 kpc. Interestingly, the peculiar velocities and the clustercentric distances of BCGs for 
two (A0954 and A1399) probable rotating clusters are smaller than the median value of each 
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parameter. The small peculiar velocity and the small spatial deviation of BCGs from the 
cluster center indicate that the clusters are in the dynamical equilibrium. It may imply that 
the clusters do not undergo a recent merging if the clusters are formed through a repeated 
merging. In addition, the absolute magnitudes of BCGs for two probable rotating clusters do 
not show any significant deviation from the distribution of the non-rotating galaxy clusters. 



6.2. Probable rotating clusters and spatial orientations of cluster galcixies 

An interesting connection between the global rotation of clusters and the anisotropy in 
galaxy alignments for clusters is expected in the context of angular momentum in galaxy 
clusters: 



1. lAryal fc Saureii (120041 . |2005| . |2006| ) found that the anisotropy in galaxy alignments in- 
creases systematically from early-type (BM type I) to late-type (BM type II-III and III) 
clusters. Interestingly, four of six probable rotating clusters in this study are late-type 
clusters. Therefore, there may exist a connection between the rotation axes of the prob- 
able rotating clusters in this study and the spin-vector orientations of cluster galaxies. 
In order to examine this connection, we present in Figure [8] the spatial distribution 
and the histogram for the projected spin-vector orientations of galaxies in six proba- 
ble rotating clusters. We used an orientation parameter (ORIENT) in 2dFGRS and 
an isophotal position angle parameter in g band (isoPhi g) in SPSS as the projecte d 
spin- vector orientations for cluster galaxies (IColless et al.ll200ll : IStoughton et al.ll2002l ). 
The position angles of the projected orientations for the cluster galaxies are measured 
in the range of — 180 deg, but are plotted twice in the range of — 360 deg. Figure [H] 
shows that there is no strong anisotropy in spin-vector orientations of cluster galaxies 
(i.e. no strong peak in histogram). Therefore, it is difficult to compare the position 
angle of the rotation axes and that of the spin-vector orientations of cluster galaxies. 

2. It was found that spin- vector orient ations of galaxies in clusters terid to l ie parallel to 
the Local Supercluster (LSC) plane (lAryal &: Saurerll2006l : IHu et al.ll2006l ). In order to 
investigate the connection between the rotation axes of rotating clusters and the LSC 
plane, we plot in Figure [9] all-sky distribution of six probable rotating clusters with 
their rotation axes (Yl) in the supergalactic coordinate. It appears that there are no 
preferred directions of rotation ax es for six probab l e rota ting c lusters, w h ile sp in- vector 
orientations of cluster galaxies in lAryal fc Saureii (120061 ) and iHu et al.l (120061 ) tend to 
lie parallel to the Local Supercluster (LSC) plane (the results does not change if we 
use Y2 instead of Yl). 
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Since we do not know the three-dimensional information about the rotation axis for 
rotating clusters and the three-dimensional spin-vector orientations of cluster galaxies in 
this study, it is difficult to conclude the connection between the global rotation of clusters 
and the anisotropy in galaxy alignments for clusters at this moment. Therefore, it is needed 
to study the three-dimensional spatial orientations of galaxies for these rotating clusters to 
investigate this connection. 



6.3. Cosmological implication of probable rotating clusters 



Based on the model proposed by IlJ (Il998l ) that the global rota tion of the univer s e may 
provide angular momentum to celestial bodies on their formation, iGodlowski et al.l (120051 ) 
found the vanishing angular momenta for the masses corresponding to the galaxy groups 
using Tully's galaxy groups. They suggested the non-vanshing angular momenta for smaller 
and larger structures (compact galaxy groups and rich galaxy clusters). However, the non- 
vanishing angular momenta for galaxy clusters were found indirectly based on the study 
of the galaxy orientation. In this study, we found the non-vanishing angular momenta for 
galaxy clusters directly based on the dynamical analysis. This result is consistent with 
that of Godlowski et al. J2005h . However, we found that the estimated masses for rotating 
clusters are in the range of 10^^ — IO^^Mq (see Table [H]). In addition, we could not identify 
rotating clusters in massive clusters with > 2 x 10^^ Mq. Intriguingly, the mass range of 
rotating clusters in this study is correspon ding to the mass scale (10^^ — lO^^M©) with 
vanishing angular momentur n predicted by IGodlowski et al.l (120031 ). Since the masses of 
Tully's galaxy groups used in IGodlowski et al.l (120051 ) are expected to be smaller than those 
of Abell clusters used in this study, this contradiction of the mass scale between the theory 
and the observation should be investigated further. 



7. Summary 

We present a result of searching for galaxy clusters that show an indication of global 
rotation using a spectroscopic sample of galaxies in SDSS and 2dFGRS. Our results are 
summarized as follows: 



1. We have determined the member galaxies of 899 Abell clusters covered in SDSS and 
2dFGRS. We have estimated the ratio of rotation amplitude to velocity dispersion, 
and the velocity gradient for 56 clusters in which the number of member galaxies are 
greater than or equal to 40. 
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2. Among 56 clusters, we have selected 12 tentative rotating clusters which have large 
values of the ratio (>0.53) of rotation amplitude to velocity dispersion, and of the 
velocity gradient (>380 km s^^ Mpc~^). 

3. We have determined the cluster morphology for 12 tentative rotating clustersmight 
using the dispersion ellipse method. The ellipticity of the dispersion ellipse is in the 
range of 0.08—0.57, and the position angle of major or minor axis appears not to be 
related to the position angles of rotation axes (Yl and Y2). 

4. We have investigated the substructures (ID, 2D, and 3D) for the sample of tentative 
rotating clusters. DS plots show that the majority (9 out of 12) of clusters show an 
evidence of substructure due to the spatially correlated velocities of galaxies. 

5. We have selected six probable rotating clusters (Abell 0954, Abell 1139, Abell 1399, 
Abell 2162, Abell 2169, and Abell 2366) that show a single number density peak around 
the cluster center with a spatial segregation of the high and low velocity galaxies in 
clusters. 

6. The probable rotating clusters do not deviate significantly from the relation of the 
X-ray luminosity and the velocity dispersion or the virial mass of the clusters. The 
peculiar velocities and the clustercentric distances of BCGs for two (A0954 and A1399) 
probable rotating clusters indicate that they may be in a dynamical equilibrium and 
undergo no recent merging. 



It will be interesting to investigate the dynamical state of probable rotating clusters 
using X-ray data in order to compare the properties of the intracluster medium and those 
of galaxies. 
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Fig. 1. — Velocity dispersions of galaxy clusters versus the ratios of the absolute value of 
rotation amplitude to the velocity dispersion (a), and versus the global velocity gradients 
(b). The histograms for the ratios and for the velocity gradients are shown in (c) and (d), 
respectively. The dotted vertical lines indicate the adopted selection criteria for the tentative 
rotating cluster candidates. Star symbols represent A2107, known as a probable rotating 
cluster. 
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Fig. 2. — Radial velocity versus clustercentric distance of galaxies and the velocity distribu- 
tion for 12 tentative rotating clusters. Filled circles indicate the galaxies selected as cluster 
members, while open circles the galaxies not selected as cluster members. The horizontal 
dot-dashed line indicates the systemic velocity of the clusters determined in Table [H The 
velocity distribution for the member galaxies is shown by a shaded histogram and that for 
the entire observed galaxies is shown by an open histogram. 
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Fig. 3. — Spatial distribution of cluster galaxies with measured velocities in 12 tentative 
rotating clusters. The cluster galaxies of which velocities are greater than the systemic 
velocity of their cluster are plotted by open symbols, while those of which velocities are 
less than the systemic velocity by filled symbols. The symbol size is proportional to the 
velocity deviation. The observed galaxies are represented by dots. The position angles, Bq 
and 01, derived using equation ([1]) and ([2]) are represented by arrows (axis Yl and Y2). The 
perpendicular axis to the position angle of rotation axis (Yl) is shown by XI. The dashed 
ellipse indicates the twice enlarged dispersion ellipse, and two dashed lines denote the major 
and minor axis of the dispersion ellipse, respectively. 
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Fig. 4. — Radial velocities of cluster galaxies as a function of projected distance along axis XI 
shown in Figure [31 Large open squares indicate the mean radial velocity of cluster galaxies 
in a distance bin that is represented by a horizontal errorbar. The vertical errorbar denotes 
the velocity dispersion of galaxies in a distance bin. 
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Fig. 5. — Left: Galaxy number density maps for tentative rotating clusters. The member 
galaxies are represented by dots, and the number density contours are overlaid. The cross 
indicates the cluster centroid, and the thick horizontal bar represents the physical size of 1 
Mpc. Right: Dressler-Shectman (DS) plots for the same clusters. Each galaxy is plotted by 
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Fig. 6. — X-ray luminosity (0.1—2.4 keV) versus the velocity dispersion and the virial 
mass for the probable rotating clusters (filled circles) in comparison with the non-rotating 
galaxy cluste rs (open circles) o f the selected 56 galaxy clusters. X-ray luminosit i es in ( a) an d 
(b) are from iBohringer et al.l (120001). those in (c) and (d) from lEbeling et al.l (119981 . |2000| ). 
those in (e) and (f ) frorn iBohringer et al.l (120041 ). and those (0.5—2.0 keV) in (g) and (h) 
from lLedlow et al.l (120031 ). The solid line indicates the best fit for each panel. 
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Fig. 7. — Velocity dispersions as a function of the absolute value of the pecuhar velocity of 
the brightest cluster galaxies (a), redshifts as a function of the absolute magnitude of the 
brightest cluster galaxies in the &j band (b), and absolute values of peculiar velocities as a 
function of the clustercentric distance of the brightest cluster galaxies (c) for two probable 
rotating clusters (filled circles) in comparison with 20 non-rotating galaxy clusters (open 
circles) of the selected 56 galaxy clusters. The histograms of the peculiar velocities (d), the 
clustercentric distances (e), and the absolute magnitudes in the 6j band (f) of the brightest 
cluster galaxies are shown for 22 galaxy clusters including two probable rotating clusters. 
The two probable rotating clusters are also marked by filled circles in (d), (e), and (f). 
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Fig. 8. — (a, c, e, g, i, k) Spatial distribution for the projected spin-vector orientations of 
cluster galaxies in six probable rotating clusters. The cluster galaxies are plotted by open 
circles. Long solid lines represent the projected spin-vector orientations for the moderately 
edge-on galaxies (axial ratio is less than 0.72 in SDSS and eccentricity is equal to or greater 
than 0.33 in 2dFGRS), while short solid lines represent those for the face-on galaxies (axial 
ratio is equal to or greater than 0.72 in SDSS and eccentricity is less than 0.33 in 2dFGRS). 
The galaxies with unknown orientations are plotted by only open circles. The dispersion 
ellipse and the rotation axes (Yl and Y2) shown in Figure [3] are overlaid, (b, d, f, h, j, 
1) Histogram for the projected spin-vector orientations of cluster galaxies. We present the 
histogram for only the moderately edge-on galaxies. The rotation axes (Yl and Y2) are 
represented by the vertical arrows and the minor axis of the dispersion ellipse is represented 
by the vertical dotted lines. 
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Fig. 9. — All-sky plot of six probable rotating clusters with their rotation axes (Yl). L 
and B represent supergalactic longitude and latitude, respectively. The arrow represents the 
rotation axis of each cluster, and its length denotes the relative rotation amplitude, |frot|/o"p- 
Virgo cluster is shown by a solid triangle. The LSC plane goes through the X-axis. 



Table 1: The sample of tentative rotating clusters 



Cluster 


RA 


Dec 


BM 


cz 


(Tp 




Lx 


(0.1-2.4 keV)'' 


X-ray 




[h:m:s] 


[d:m:s] 


Type 


[km s-i] 


[km s-i] 




[10*^ 


— 9 — 1 1 

erg cm s J 


reference 


S1171 


00:01:21.70 


-27:32:18.0 


II 


8377l[{7 


646li^e^, 


42 








SOOOl 


00:02:33.93 


-30:44:06.2 


I 


8815ti28 


5771^1 


51 








A0954 


10:13:44.81 


-00:06:31.0 




28459tjf 


80111^ 


67 




0.70 


3 


A1035 


10:32:14.16 


40:14:49.2 


II-III 


21753li»« 


1825l|i 


97 




0.92 


2,4 


A1139 


10:58:10.39 


01:35:11.0 


III 


118491^^ 


491I36 


122 




0.09 


1,2,3,4 


A1373 


11:45:30.95 


-02:27:12.9 


III 


37595131J 


I768+I24 


48 








A1399 


11:51:10.78 


-03:01:41.3 


III 


27267+4g 


289l« 


41 








A1474 


12:07:57.20 


14:57:18.0 


III 


2415111°? 


714l« 


60 




0.03 


4 


A2162 


16:12:30.00 


29:32:23.0 


II-III 


9653lg 


416+32 


41 




0.01 


4 


A2169 


16:14:09.60 


49:09:10.8 


III 


17343+g| 


4991^9 


71 




0.45 


2,4 


A2366 


21:42:50.41 


-06:52:15.0 


I-II 


15914i;,f 


604+g 


41 




0.05 


4 


A4053 


23:54:45.39 


-27:40:52.8 


III 


2069llig4 


13661111 


76 









REFERENCES: (1) 'Bohringer et al.' f2') lEbeling et all l|2000l '). (31 iBohringer et all l|2004h . (4') lLedlow et al.l l|2003h . 

^ X-ray luminosity from iLedlow et al.i (|2003|) is in the 0.5—2.0 keV band. 
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Table 2: Kinematic properties of tentative rotating clusters 



Cluster 


©0 




K'rot /C^p 


©1 


dv/dR 




(dcg) 


(km s ) 




(deg) 


(km s"^ Mpc"^) 


S1171 


-t -t 4-99 


4081}^^ 


0.631°:}! 


4-1 Q 

J- -23 


10661^29 


SOOOl 


1731}^ 


3941°^ 


0.68l°:}2 


-L^^_19 


468l}^8 


A0954 


103li7 


A ,1/^+145 

4461}33 


„ r/^+0 18 

0-561°:}° 


-1 nn + 14 

IOOI27 


A no+185 

4021}°^ 


A1035 


268+^^ 


13451}^^ 


n 74+0-09 

' ^-0.09 


264+^° 


25451^^^ 


A1139 


3711? 


OQQ+52 
■^oo_4g 


0.591°:}° 


401^ 


4641^! 


A1373 




148611° 


0.841°:}! 


149+}f 


1 Q23+^^^ 


A1399 


2071?^ 


1951^^ 


0.671°:}^ 


1861?^ 


4181}^^ 


A1474 


2681^5 


472+129 


66+°-^^ 


262+^ 


7891}?^ 


A2162 


op-q+20 

^xJ <J 2Q 


997+80 


"•'-''-'-0.17 


35111 


4261}^! 


A2169 


3421^^ 


277+^} 


0.561°:}} 


90+13 

^'-'-16 


403l}^t 


A2366 


3091}? 


3461}^^ 


0.57l°:i 


3001,:^^ 


7SS+376 
too 327 


A4053 


2821}^ 


8291?°! 


0.611°:}^ 


2691}^ 


10791?^^^ 



Table 3: Morphologic al parameters of tentative rotating clusters 



Cluster 


Ta 


Tb 


©2 


e 




(kpc) 


(kpc) 


(deg) 




S1171 


537_43 


4821^? 


1591^? 


"•J^"-0.09 


SOOOl 


9781^^ 


4651^^ 


90I5 


"•'-'^-0.07 


A0954 


993l^f 


702+^? 


133+?i 


29+°-°® 

"•^^-0.08 


A1035 


560li 


4951^1 


100l^« 


"•-■^^-0.07 


A1139 


70911 


620li 


741}^ 


n 1 3+°°'^ 


A1373 


6891^^ 


545l^« 


1701?° 


n 21+°°'^ 


A1399 


7721?^ 


334+-^^ 


138+! 


0^57l°:°^ 


A1474 


9121^^ 


5631^! 


691^ 


0.381°:°^ 


A2162 


5021^^ 


4611^^ 


4411^ 


o.o8l°:i^ 


A2169 


941+!? 


6311!^ 


581^ 


qq+0-07 

"-'J'J-0.07 


A2366 


4191^^ 


324li 


1481^^ 


n 90+0.09 
"-^"J-o.io 


A4053 


1061+™ 


67611 


511^ 


n '^fi+o-07 

"■•5 "-'-0.07 
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Table 4: Parameters for testing the presence of substructure 



Cluster 


/ 


-^90 


Skewness 


clRej 


Kurtosis 


clRej 


AI 


clRej 


TI 


clRej 


Aobs 




S1171 


1.21 


1.11 


0.96 


99.3 


-0.45 


10.0 


0.58 


73.0 


1.57 


98.3 


68 


0.335 


SOOOl 


0.93 


1.09 


-0.45 


86.3 


-0.92 


89.9 


-0.08 


13.0 


0.91 


53.8 


98 


0.000 


A0954 


0.97 


1.07 


-0.29 


71.8 


-0.64 


68.4 


-0.44 


61.1 


0.92 


52.8 


97 


0.006 


A1035 


1.00 


1.05 


0.34 


85.3 


-1.24 


100.0 


1.07 


96.4 


0.74 


99.9 


167 


0.000 


A1139 


1.02 


1.04 


-0.18 


60.7 


0.23 


64.1 


0.29 


42.7 


0.94 


47.8 


206 


0.000 


A1373 


0.99 


1.10 


-0.27 


61.9 


-1.19 


99.3 


-0.82 


88.9 


0.82 


87.8 


90 


0.000 


A1399 


1.07 


1.11 


-0.50 


86.3 


0.29 


70.8 


-0.62 


76.2 


0.90 


52.5 


75 


0.001 


A1474 


0.95 


1.08 


0.41 


83.3 


-1.00 


97.0 


1.36 


99.2 


0.73 


99.5 


84 


0.012 


A2162 


0.92 


1.11 


0.03 


6.9 


-1.11 


95.9 


-0.34 


48.9 


0.86 


71.7 


42 


0.464 


A2169 


1.01 


1.07 


-0.45 


91.1 


0.07 


48.8 


-0.78 


86.7 


0.88 


72.5 


120 


0.000 


A2366 


0.95 


1.11 


0.26 


57.4 


-0.73 


56.8 


0.63 


77.0 


0.78 


93.9 


41 


0.707 


A4053 


1.20 


1.07 


-1.02 


99.9 


0.57 


84.3 


-1.59 


99.8 


0.87 


78.6 


174 


0.000 



Table 5: Summary of global kinematic properties for tentative rotating clusters 

Cluster Substructure Morphology Dynamical Probable rotating 



ID 2D 3D equihbrium cluster 



S1171 


Yes 


Yes 


No 


Spherical 




No 


SOOOl 


No 


Yes 


Yes 


Elongated? 




No 


A0954 


No 


Yes 


Yes 


Elongated 


Yes 


Yes 


A1035 


Yes 


Yes 


Yes 


Spherical 




No 


A1139 


No 


No 


Yes 


Spherical 


Yes 


Yes 


A1373 


Yes 


Yes 


Yes 


Elongated 




No 


A1399 


No 


No 


Yes 


Elongated 


Yes 


Yes 


A1474 


Yes 


Yes 


Yes 


Elongated 




No 


A2162 


Yes 


No 


No 


Spherical 


Yes 


Yes 


A2169 


No 


No 


Yes 


Elongated 


Yes 


Yes 


A2366 


No 


No 


No 


Elongated 


Yes 


Yes 


A4053 


Yes 


No 


Yes 


Elongated 




No 



Table 6: Velocity dispersions and virial masses for probable rotating clust ers 



Cluster 


ap 












(km s 




(km s~^) 


[IO^^Mq] 


[lO^^Me] 


A0954 


soil 


63 

-62 




11.651}:?^ 


q Qq+2-03 

^•'-'^-1.67 


A1139 


4911 


39 
32 


4231^° 


o QQ+0.66 
o.yo_Q 49 


^•y^-0.48 


A1399 


2891 


-43 
39 


2481^^ 


l.UU_Q 27 


n 77+0.30 
^- ' ' -0.22 


A2162 
A2169 


4161 
4991 


-32 
31 
-42 
-40 


377+^° 
431^^^ 


A 7Q+0.83 


-r 07+0.31 
i.O ( _Q 27 

Ci«+0.78 
'-'•'-'"-0.67 


A2366 


6041 


-58 
53 


569+^^ 


o 4C+0.69 
"^•^^-0.58 


na+0.73 
"J -0.63 



